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Abstract ~

This paper addresses the problem of controlling a ma-
nipulator in compliant motion while in contact with
an environment having an unknown stiffness. Compli-
ance control is used as an implicit force control scheme
and establishes a user-specified target interaction ciy-
na]nics  between the reference position and the contact
force. ‘J’wo adaptive lag-plus- fccdfor  ward compliance
compensators are developed in the paper. The compli-
ance compensators do not require force rate informa-
tion for implcrncntation.  Since the environmental stiff-
nc.ss can typically vary by several orders of magnitude,
compensator adaptation is used to ensure a stable and
uniform systcm performance. Dynamic simulation re-
sults for a 7 1)01” Robotics Research arm are presented
to demonstrate the cfflcacy  of the proposed comIdiancc
control schcmc in executing contact tasks. 1

1 Introduction

ltotmst  and reliable operation of manipulators in con-
tact with objects in their environment is the basic
rcquircmcnt  for successful execution of many robotic
tasks. Statdc control of robot-environment interaction
l}OSCS  a tcchnica]ly  challenging problcm, and has at-
tracted the attention of several roboticists  for almost
two dccadcs [see, e.g., 1-3]. In particular, compli-
ant motion control, which is in cssscncc  position-based
force ccmtrol,  has been suggested try Kazerooni  [4] and

IJawrcncc [5].
‘1’hc objcctivc  of this paper is to develop a simple and

prag]natic  approach to contact force control using the

1 Tile ~escarch  d~cribti  in this paper  W’SS  carri~ out at
the Jet  Propulsion I.aboratory,  California Institute of Tcxhnol-
OKY, under contract with the National Aeronautics and Space
Administration.

compliant motion framework. The proposed approach,
called adaptive compliance contro~  is an implicit force
control scheme in which the reference position is used as
a command to control the contact force, and no force
setpoints are used. Two simple adaptive compliance
compensators are developed which possess cnhanccd
stability and improved performance under gross vari-
ation of the environmental stiffness.

The paper is structured as follows. Section 2 dis-
cusses implicit force control within the compliant me
tion framework. In Section 3, two adaptive Iag-plus-
fccdforward compensators arc developed to accomplish
compliance with the environment. In Section 4, the
Robotics Research arm is used in a series of dynamic
simul  at ions to demonstrate compliance control. The
paper is concluded in Section 5 with a review and gen-
eral discussions.

2 Implicit Force Control in
Compliant Motion

Robot manipulators arc always supplied with joint
servo controllers which ensure tracking of joint sct-
points, and, in turn, enable the placement and orienta-
tion of their end-effcctors  in the workspace. For uncon-
strained frewspace  motions, the cnd-cffcctor  Cartesian
coordinates X (typical] y, a 6X 1 vector of position and
orientation) can follow a user-spccificd nominal or ref-
erence motion trajectory X, using the joint servos and
inverse kinematic transformation. The underlying con-
cept of compliant motion control is to usc the pcxsition-
controltcd  robot as a baseline system and to make the
necessary modifications to this system to enable execu-
tion of constrained tasks that require robot interaction
with the environment. Figure 1 shows the block dia-
gram of a position-based implicit force control system
when the robot interacts with the environment. The



contact force F is fcd back to the compliance compen-
sator K(s) which produces the pmition perturbation
.Xf, so that the end-effecter tracks the modified com-
manded trajectory Xc = X~ – Xl.

Now, since the manipulator position control system
ensures Cartesian trajectory tracking, it can be as-
sumed that the internal position controller, in effect,
decouples the robot dynamics. As a result, we can con-
sider each cnd-effecter coordinate independent] y and
replace the position/orientation vector X in the con-
trol diagram by the scalar x, which can represent any
element of X. Furthermore, following Kazerooni [4],
I,awrcnce [5], and other researchers, it is reasonable to
model each position-controlled end-cffector  coordinate
by a second-order linear continuous-time system, so
that for each end-effecter coordinate the scalar transfcr-
function relating the commanded position xc to the ac-
tual position z is given by

Iqs) ..42 ~ K. b
xc(s) Jms2 +- Bms  -F Km ‘s2+. asj. b

(1)
where J“,, Bn,, and Km are the position-controlled ma-
nipulator mass, damping and stiffness parameters in
Cartesian-space respectively, a = ~ and b =: $RL.
~This simple model can adequately account for t~e
small t im~dclays involved in the forward and inverse
kinematic calculations as well as the dynamics of the
position-control]cd  joint servo loops. This model is par-
ticularly suitable for industrial robots that use high gear
ratios which attenuate the nonlinear manipulator dy-
nami m and make the second-order joint motor dynam-
ics domi]lant  [6].

‘J’he  environment can often be modeled as a linear
sj]ring with cocffjcicnt  of stiffness Ken along the Carte-
sian axis of interest. Therefore, t}]e force-displacement
model for the environment is given by 1 Iooke’s  law as

F= K,n(z  -zC) (2)

wllcre z, is the nominal position of the environment.
Similarly, the force/torque sensor mounted on the cnd-
cficctor  can be modeled as a pure spring with the stiff-
ne.%~ coeflicknt K=n, since the dynamics of the sen-
sor can be ncglcctcd in comparison with the con~pen-
sator and manipulator time-constants. Thcrcforc, the
Mcct,ivc stiffness of the sensor plus the environment
in a Cartesian direction is given by, K, = (l/Ken -I

l/K.,, )-l. Note that although the manipulator-
cnvironmcnt  interaction can be modeled in detail as a
IIigll-order dynamical systcm [7, 8], the stiffness is often
the dominating factor in contact ta.slw such as assem-
bly, mating, and deburring  [5, 9, 10], llrthermore, this
simple mode] is mathematically tractable and hm been

widely adopted by several researchers. It is important
to note that when the robot is in contact with the envi-
ronment, the dynamic model of the position-controlled
end-effcctor  coordinate is modified by the environment,
due to natural force feedback as

Jmx 4- ~mx +- Kmx = Kn,xC – Kex (3)

Hence, at contact, the modified transfer-function G(s)
takes the form

x(s)
G(s)  =  —  ==

b
xc(s) S2 -I as + b’

(4)

where b’ = W.
In the next &ction,  wc develop two compensators

based on compliance control to accomplish stable and
desirable contact with the environment.

3 Adaptive Compliance Control
In this section, we consider the compliance control sys-
tem shown in Figure 2 in which the reference position
Zr is used as a command to control the contact force
F during constrained tasks. This is accomplished by
establishing a desirable position-force (z.  – F) relation-
ship through an appropriate choice of the compensator
K(s). Compliance control accepts the position com-
mand x, as. input and produces the contact force F as
output, and dots not use any force setpoint. This is
in contrast to admittance control [2] in which the force
sctpoint Fr is commanded to control the contact force
F, and the force error e is mapped to the position per-
turbation Zf.

In subsequent sections, two simple adaptive compli-
ance compensators are presented to accomplish implicit
force control.

3.1 Stability-Based Adaptive Compli-
ance Compensator

Consider the implicit force control systcm shown in Fig-
ure 2 with the lag-plus-jeedforward  compliance compen-
sator

K(s)  = kf +- k~s~_  k, = 0’s + /3
kd  S + k,

(5)

where a == kfkd  and ~ = kfk, + k. Without low of
generality and to simplify the analysis, the world frame
is dcfmed to be on the environment so that x. = O. The
differential equation relating the contact force F to the
reference position x. is found to be

dz F
kd~ +- [k,+- akd] ~ + [ak.  -t- b’kd  -I abk.]$

+ [b’k,  +- @bke]F  = [bkekd]~ + [bk.k,]zv  (6)
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Now, to apply a constant force on the environment,
the reference position x, will be chosen to penetrate
into the environment by a constant amount. Hence,
we can set ~ = O and investigate the stability of the
third-order differential equation (6) using a Lyapunov
approach. In order to improve the performance of the
compliant control system, it is suggested that the com-
pensator gain /3 be a nonlinear function of the contact
force F. On applying Barbashin’s  theorem to the third-
ordcr nonlinear differential equation (6), the following
three stability conditions are obtained [1 1]:

where it is assumed that the parameters (kd,  ks, CI)
of the compensator are fixed and the parameter ~
is a function of the contact force F. Conditions (i)
and (ii ) are satisfied when the compensator parameters
(k~, ks, u, f?) arc chosen to be positive. Condition (iii)
simplifks  to

P+ ’$l<+[as ‘“ah’kd’ ‘Zksl’ [“’+ ‘3
(7)

Suppose that wc wish to emulate the user-spccifi’ed
steady-state static target interaction model

Then, wc can choose t}lc compensator gain P as a func-
tion of deviation of the actual contact force F from its
desired value F~. Now, /3 must be chosen such that
P + ~$$ ha-s a finite  upper-bound which satisfies the
stability, inequality (7). A viable choice of ~ is

P=’ RI+- -Y[l - ezp(Fn,  - F)/T] (9)

where ‘y and T are positive constants specifrcd  by the
user, and ,BO is the nominal value of P that produces the
target model stiffness km. With this c}loice of ~, when
1’> Fn, the value of ~ increases, and this in turn de-
crcascs  the apparent stiffness k~~ = bkek. /[b’k~ + bke~]
obtained from (6) and reduces the contact force F. Sim-
ilarl y, w]len F < F~,  ~ decreasscs to incrcasc  the appar-
ent stiffncw and thus incrcaws  the contact force. Note
that  since ~ = ~ czp[(Fn, – F)/T],  ~ reflects the “rate-
of-adapt, ation” or sensitivity of/? to F. It can readily bc
SI1OWI1 that with this choice of ~, the cxpre.ssion  ,8+ F$
is upper-bounded by &, that is

(lo)

where & = PO + ~[1 +- ezp(Fm/~ – 2)]. Hence, from
inequalities (7) and (10), wc conclude that a .wjj’icient
condition for closed-loop stability is given by

(ii)

A more conservative suficicnt,  but not a necessary, con-
dition for stability is found to be

(12)

Inequality (12) imposes a simple condition which guar-
antees closed-loop stability without any knowledge of
the robot parameters (a, b, b’) or the environmental
stiffness ke.

In order to appreciate the operation of the compen-
sator gain /3, from (9) wc obtain

dfl—.
dt

{$ezp[(Fm  – F)/T]  } . ~ (13)

Ilom  (13), it is seen that ~ and ~ have the same
sign. This implies that when F is increasing (~ > O),
~ also increases in order to reduce F to Fm. Similarly,
when F is decreasing (~ < O), @ also dccreascs  so as
to increase F to Fn.  We conclude that the adaptation
law given by (9) is expected to improve the performance
of the compliant control system.

3.2 MRAC-Based Adapt ive  Compl i -
ance Compensator

Consider the compliant motion control system shown in
Figure 2. In this section, we develop a simple MRAC-
bascd adaptive compliance control scheme to ensure
that the dynamic model relating the refercncc position
Xr to the contact force F emulates a user- specified tar-
get dynamic model. ‘l’his enables the robot to exhibit
the same response characteristics, e.g., apparent stiff-
ness and time-constant, when contacting environments
with different stiffnesses,

Morn equation (6), the actual interaction dynamics
representing the manipulator-environment interaction
can bc dcscribcd  by the third-order differential equation

‘ - -  ‘“ [ks:k:kdl%+ [ak’L’’kd’”al$

kd d3F
‘ke dt3

[ 1“k,
i-

dx
~i-p F=k@knxr (14)

e

The numerical value of k’ is often chosen to be small to
filter out the high-frequency noise superimposed on the
contact force. Furthermore, & is often a small numberc



in practice. Therefore, for adaptive control develop-
ment [12], the third-order full dynamic model (14) can
be approximated by the first-order reduced dynamic
model

[ 1 [-1ak’;k “kd + c1 i’(t) + bke +-P ~(~)e
= k&.(t)+- k,q.(t) (15)

Notice that the reduced-order model (15) can altcr-
natively bc obtained by ignoring the dynamics of the
position-controlled robot. On applying a reference PG
sition command x, with constant final value, the con-
tact force F responds with the time-constant ~ =
ak. +b’ka

‘bk=  a and presents the steady-state apparentb’ k. + bk.fl

stiffness k~~ = -p. It is seen that both the re-
sponse  time and the apparent stiffness arc functions of
the cnvironrncntal  stiffness k.. Therefore, duri?lg  con-
tact with soft environments (k. <<), T = _  and
k,. z O; while for hard environments (k. >>), T = ~

and  k~~ x ~. Since the environmental stiffness ke
can vary by several orders of magnitude, if the com-
pensator paratncters [a, ~, kd, k.] are frxcd, the robot
will cxhihit highly non-uniform and possibly unstable
response charactcrist  ics when contacting different cnvi-
romncnts.

In order to ovcrcomc  this problem and obtain a
uniform and desirable performance, a simple adaptive
schcmc  is proposed to “tune” the compensator gains cr
and /3 automatically on-line as functions of the contact
force F, while choosing constant values for kd and k.,
III practice, wc set k, = 1 and choose kd to filter out
tile fen-cc mcasurcmcnt  noise. Suppose that the desired
dynamic performance of the contact force Fin response
to the refcrencc  position x, is described by the target
interaction dynamics

@~(t,) + ;Fm(t)  = k&(t)+ k.xr(t) (16)
m

w 1 lcre F,,t dcnot,es  the desired behavior of F, and 7m
and k~, arc the desired user-spccificd tim~constant
and apparent stiffness, rcspcctivcly.  This ensures that
the environment behaves like a simple spring-dampcr-
spring systcm with user-spccifkd paramtcrs ‘r~, km, kd,
and k,. h’ol]owing  [13], the adaptation laws for a(t) and
,B(t) which ensure that the actual interaction dynamics
(15) tends to the target interaction dynamics (16) arc
givcIl by

cl(t) = Cr(o) + -)j
J

t e(t)~(t)dt  +  -pe(t)~(t) (17)
o

I
t

~(t.) == /3(0)+ Al e(t) F(t)dt +- A2e(t)F(t)  ( 1 8 )
o

where e(t) = F(t) – Fm (t) is the deviation of the ac-
tual contact force F(t) from its desired value Fm (t),
[TI, AI] are constant positive integral adaptation gains,
and [72, A2] are zero or pmitive constant proportional
adapt ation gains. The adaptation laws (17)-(18) ensure
that the actual contact force F follows the desired con-
tact force Fm asymptotically, i.e., e(t) -0 as t -+ rm.
Note that the desired force F~(t) is obtained by solv-
ing the target interaction dynamics (16) with the given
reference position CCr  (t). To enhance robustness to the.
unmodclcd manipulator dynamics, the a-modification
method [12] is used, and the improved adaptation laws
arc given by

/

t
J

t
a(t) = cl(o)+~l e(t)~(t)dt+yze(  t)~(t)-crl cz(t)dt

o
0 , (19 )

/

t
p(t)  = /3(o)+A~ e(i?)F(t)dt+-A2 e(t) F(t)-a2

I
p(t)dt

o
0 (20)

The o-modified adaptation laws (19)-(20) for a and @
ensure that the residual tracking-error e = F– F~ tends
to a bounded set of Order (u4 ), whi]c  guaranteeing ro-
bustness to the unmodclcd third and second-order dy-
namic term.. in equation (14).

Finally, by setting 72 = O and using intcgration-by-
parts, equation (19) simplifies to

a(t) =  CX(0) + ;T1F2(t)  –  Tiff

+ 71 ~~ fim(t)F(t)dt  – al f: Cr(t)dt (21)

Note that since the desired contact force Fro(i) is a
smooth noiwfree  signal obtained from the target inter-
action model (16), the desired force rate &(t) can be
computed directly and used in the adaptation law (21).
It is seen that the computation of the compensator gain
a(t) from equation (21 ) dots not require knowledge of
the actual force rate ~(t), which can be difficult to OL
tain in practice since F(t) is a noisy signal.

Wc conclude that the adaptive lag-plus- fccdforward
compli  ancc control law is given by

~a(t)F(t) :- [P(t) – $&’(t)Xf(t) == kd (22)

where @ = *F  is the f’rltcred contact force, and the
control scheme is shown in Figure 3. lVotice that nei-
ther the compliance control law (22) nor the adaptation
L’UWS  (20)-(21) require the contact force rate information
P(t).

4

The
now

Simulation Study
force control scheme described in Section 3 is
applied through computer simulations to the 7
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DOF Robotics Research Corporation (RRC) Model K-
1607 arm, shown in Figure 4. The full nonlinear dy-
namic model for this arm is integrated into a graphics-
based robot simulation environment hosted on a Silicon
Graphics Personal IRIS workstation [14]. In the simula-
tion, the robot position control system employs a high-
pcrformance  adaptive controller described in [15]. This
controller ensures that any commanded end-effecter po-
sition trajectory xc is tracked accurate] y.

‘1’he simulation study demonstrates the capability of
the proposed compliance control scheme to achieve a
desired end-effecter/environment contact force. In this
study, a frictionlcss  reaction surface modeled as lin-
early elastic with a stiffness of 1001b./in  in series with
a damper having the friction coefficient of 10lb.sec./in
is placed in the robot workspace. This reaction sur-
face is oriented normal to the y axis and is located at
ye ~’ -22. 125; thus the measured contact force F is
modeled as

{
I“= 0 if y s –22.125

IOO(y +- 22.125) +- 10~ if y >-22.125

l’he task requires the exertion of a 10lb contact force
normal to the reaction surface while tracking a smooth
5in trajectory tangent to the surface. Thus we define
*r ‘= Xi + 2.5[] — cos(7r/5)t]  for t c [0, 5], where Xi is
the z component of the initial end-effecter position. For
simplicity, the end-effecter orient ation and z coordinate
are maintained at their initial values throughout the
t ask,

To illustrate rotmstncss  of the force control scheme
in accommodating unexpected changes in the environ-
mental stiffness, the stiffness ke is changed abruptly
from k. = 1001b/in to k. = 251b/in  at the midpoint
.of the Zr trajectory at t == 2.5 seconds. The control
objcctivc is to maintain the contact force at 10lb de-
.sI)ite this stiffness variation. ‘1’his situation can occur
in practice wl]cn tracking along a surface composed of
two materials with different stiffness.

l.ct us apply the MRAC-based adaptive lag-plus
fccdforward  compliance compensator K(s) = *
developed in Section 3.2, where cr and ~ are adap
tivc gains while k~ and k, are fixed cocficicnts  set at
kd = 0.05, and ks == 1. With this choice of (kd, ks),
tllc cutoff frequency of the low-pass filter ~~ is at
20rad/scc.  For compliance control, there is no force
sct})oint  l’;; instead the desired contact dynamics is
spccificd  by the user. Suppose that the target contact
dynamics is chosen as

o.oo4i,,, (t) : o.02Fm(t) = o.05&(t)  : yr(t) (23)

which has the desired tim~constant  -rmt == ~ = 0.2
scc and the desired stifTnc.ss  km = & == 501 b/in, To

obtain a constant contact force of 10lb, the reference
position is chosen to penetrate into the reaction surface
by V. == 0.2 inches, so that F*S = kmyr = (50)(0.2) =
10lb. The adaptation laws for the compensator gains a
and /3 are chosen as

a“)=’o-’{o’+ooo’fe(  ’)p(’)d-la(’)dt} ’24)
~(t)= 10-4{0.1+10~’e(t)F(t)d-{  ~(t)dt}

where e(t) = F(t) - Fro(t), and Fro(t) is obtained by
solving the target dynamics (23) with V. == 0.2. Figures
5a and 5b depict the variations of the contact force F
and the compensator gain /3 during the task.2 Ilom
Figure 5a, it is seen that initially the contact force
F responds rapidly to the step reference position y,.
This initial deviation of F from Fn, causes the adap-
tive gain E to increase, which in turn forces F to track
the desired trajectory Fm. The transient response lasts
5Tm = 1 second and fort >1, F tracks F~ exactly and
reaches the steady-state value F.. = kmyr = 10 lb. At

t = 2.5 scc when the environmental stiffnes  k. decreases
abruptly, the contact force drops instantaneously but is
restored to the target force F~  in 1.5 seconds. Since
~ determines the stiffnes  of the compensator as given
by kc = K–l(0) = ~ = P-l, it is interesting to con-
sider the steady-state values of P in the time periods
O < t < 2.5 and 2.5 < t < 5. During contact with
the hard surface (k.  = 100), from Figure 5b we have
p~~ = 0.01; hence kc = 100 and the apparent stiff-
ness is kaP = [kJ1  + k:l]-l = [0.01 +- O.O1] -l = 5 0
which is the specified model stiffnc.ss  km. During con-
tact with the soft surface (ke = 25), from Figure 5b
wc have ~a~ = –0.02; hence kc == -50 and kaP =
[–0.02 i- 0.04]-1 = 50 = kn, again. We conclude that
the adaptation law has resulted in a negative value for P
[corresponding to positive force feedback loop] in order
to increase t}le apparent stiffness of the surface from
ke. = 25 to km =: 50. Finally, note that from Section
3.2 the force rate information F is not required for im-
plementation of this control scheme.

5 Discussions and Conclusions

Force control based on compliant motion is discussed in
this paper. The compliance control approach is an itn-
plicit  force control scheme that uses reference position
as command and achicvcs  a desired contact dynamics.
The adaptive compensator gains ensure stable and uni-

2Since  the  adap~ti~n  gain  for a is small,  a ~ri~ WrY  SIWW

from its initial value.
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form performance in contact with environments having
unknown stiffnesses.

It is important to appreciate the subtle difference
between the conventional impedance control and the
proposed compliance control. Consider the standard
second-order target impedance dynamics [3]

rnxr + fyi. –Li]+k[zr-z]=i
where x, is the reference position and x is the actual
position of the cnd-effecter and F is the contact force.
Assuming a linearly elastic environment, F = kez,  the
impedance dynamics reduces to

();F+- 1 +-: F=rnxT4-bxr+kx.
e

It is seen t}lat  the dynamic model relating x, to F is
dependent on the environmental stiffness k.. IIcnce,
under impedance control, the robot will exhibit dif-
ferent characteristics, e.g., apparent stiffness and re-
sponse time, when contacting different environments.
This is in contrast to the proposed compliance control
approach whic}~ attempts to maintain a user-specified
invariant target dynamics between XV and F irrespec-
tive  of the environmental stiffness, such as

where Tnl, kn,, kd, and k. are user-specified parameters.
Ilence, the goal of compliance control is to provide the
same robot-environment interactoin  dynamics regard-
less  of the environmental stiffness.
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Figure 5a. Variation of the contact force F In the simulation study
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Figure 5b. Variation of the adaptive compensator gain ~ in the simulation study


